Abstract-Doppler weather radar is an effective tool for monitoring mesoscale and small scale weather systems, quantitatively estimating precipitation and guarding against severe convective weather. The quality of the data obtained by Doppler weather radar will be seriously affected by the anomalous propagation of electromagnetic wave in tropospheric ducts. A novel method is introduced in this paper to retrieve the surface ducts, and it is based on the Principal Component Analysis (PCA) method for modeling M profile and Parabolic Equation (PE) propagation model which is a well-established technique for efficiently solving the equations for beam propagation in an inhomogeneous atmosphere. The inversion echo powers and equivalent reflectivity factor are in accordance with the measured data, which indicates that the surface ducts can be effectively retrieved by this method.
INTRODUCTION
Weather radars play a crucial role in the remote sensing of precipitation and can provide a very detailed description of its three-dimensional structure and temporal evolution. Quantitative applications of weather radar observations are used in hydrological models or assimilation in numerical weather prediction system, which requires an exhaustive quality control. The propagation trajectory of the radar beam may be changed to a very different path by various weather conditions in the troposphere. Therefore, the deviation from normal propagation path is a factor that can seriously affect the quality of radar observations. In the past few decades, a number of techniques have been developed to detect and correct ground clutter and anomalous propagation echoes [1, 2] .
The increasing need for quality control has led researchers to review some of the well-known factors that affect radar observations, in order to study their effect in detail and to propose possible corrections. One such factor for radars operating in complex topography is the blockage of the radar beam by surrounding mountains. Another factor is anomalous propagation of the radar beam [3] [4] [5] . Anomalous propagation echoes represent an important source of errors in radar data that can substantially reduce the accuracy of the radar measurement as well as credibility of radar-based applications. The weather radar includes cloud and rain radar, Doppler weather radar [6] , dual-polarization weather radar, dualwavelength weather radar, multi-parameter weather radar, dual-base or multi-base weather radar, airborne weather radar [7] , phased array weather radar, etc. Weather radar quantitative precipitation estimates (QPE) are crucial input to real time surveillance and automatic systems such as now-casting procedures, hydrological models and assimilation in numerical weather prediction (NWP) models.
Doppler weather radar transmits pulsed electromagnetic wave into the air intermittently, then receives the electromagnetic wave scattered by meteorological targets. The scattered wave received carries the information of azimuth, range, Doppler velocity and amplitude of the targets [8] [9] [10] [11] .
Doppler weather radar is developed based on the Doppler effect in physics. It can be applied to determine the radial velocity of precipitation particles through the changing information between the precipitation echoes frequency and transmitting frequency like some conventional weather radar does and infer the wind speed distribution, vertical air velocity, atmospheric turbulence, precipitation particle spectrum distribution. The electromagnetic wave will be reflected and trapped in the ducting layer when it propagates in the atmospheric ducts, which forms propagation over the horizon. The mechanism of anomalous propagation has a serious influence on the propagation of electromagnetic wave of Doppler weather radar in the atmospheric ducts environment [12] [13] [14] [15] [16] . Atmospheric ducts are inhomogeneous in both vertical and horizontal directions. The monitoring and prediction of atmospheric ducts environment have great significance and applicable value for the study of Doppler weather radar echoes. Although significant progress has been made in terms of identifying clutter due to anomalous propagation, there is no unique method that can solves the question of data reliability without excessively removing genuine data [17] [18] [19] [20] [21] .
At microwave frequencies, the propagation of electromagnetic wave is influenced by atmospheric conditions. The detection of the tropospheric ducts is actually the detection of the low-altitude atmosphere refractivity distribution, and the detection methods include: direct measurement; model estimation; numerical prediction; remote sensing inversion. The direct measurement method is to calculate the atmosphere refractivity distribution by measuring the temperature, humidity and pressure of the atmosphere, and the disadvantages of this method are that the resolution is low and the equipment expensive and complex. The model estimation method is mainly used to describe the evaporation ducts; the typical models are P-J model, MGB model, BYC model, etc. [22] [23] [24] . The numerical prediction method is proposed based on mesoscale numerical meteorological prediction model such as MM5 and WRF to predict the temperature, humidity and pressure of the specify area, and then obtain the area atmospheric refractivity profile structure. The propagation of the electromagnetic wave and remote sensing inversion which is achieved by judging the effect to estimate and retrieve the atmosphere refractivity profile structure can be influenced by the atmosphere refractivity structure. A method which uses point to point microwave propagation measurement to estimate atmosphere refractivity profile is introduced by Tabrikian and Krolik in 1999 [25] . Barrios retrieved the modified refractivity profile parameters of surface ducts by moment correlation method [26] . Sengupta and Glover conducted a remote sensing inversion for atmosphere refractivity profile and humidity profile by microwave radiometer [27] . Valtr and Pechac estimated the tropospheric ducts refractivity profile by spectrum estimation method [28] . In 2008, Cheong et al. put forward a method for rapidly retrieving atmosphere refractivity profile by using radar electromagnetic wave multi-phase sampling [29] . In 2011, Park and Fabry realized the inversion estimation of low-altitude atmosphere refractivity profile by low elevation radar ground echoes [30] .
The low altitude tropospheric refractivity inversion using radar clutter (RFC) is a new maritime tropospheric ducts remote sensing inversion method. RFC method is actually a process of comparison between the simulated clutter data and measured radar clutter data. RFC method has more advantages than other inversion methods: extra meteorology data, but radar clutter data is not needed. The atmosphere refractivity of all the azimuths and ranges can be obtained; however, only the refractivity profile of a certain position can be obtained by the normal detection method. The method is a real time process, which can realizes the refractivity profile dynamic inversion with time and space [31, 32] . Doppler weather radar data is rarely used in published RFC method for retrieving atmospheric ducts. The Doppler weather radar data whose radar height is as high as 167 m is used in this paper to retrieve ducts environments.
A commonly used quantity to describe the propagation behavior of electromagnetic wave is the index of refraction n. Variations of the atmosphere refractive index control the propagation conditions of the radar beam [33] [34] [35] [36] . A decrease of vertical refractivity gradient generates an effect of bending the beam faster than normal. Trapping and ducting make the most extreme case of anomalous propagation occurs and in this case the microwave energy may travel for long distances before intercepting ground targets and producing anomalous propagation echoes. So a careful analysis of the fluctuation of target reflectivity may be a way to monitor variations in atmospheric conditions [37] [38] [39] [40] [41] [42] [43] . The vertical atmospheric refractivity profiles are obtained by calculating the temperature, humidity and pressure data measured by radiosonde. However, the vertical resolution of the calculated refractivity profile is not satisfying because the vertical interval of the measured data is too big, so it is probably that some importantly trapping layer structure will be lost. Furthermore, the refractivity profiles of deferent distances cannot be obtained by the radiosonde measurements and the equipment is expensive and difficult to carry out, so it is not conducive to monitor the atmospheric ducts environment. In recent years, refractivity from clutter has been an active field of research to complement traditional ways of measuring the refractivity profile in maritime environments which rely on direct sensing of the environmental parameters. Higher temporal and spatial resolution of the refractivity profile, together with a lower cost and convenient operations have been the promising factors that brought refractivity from clutter under consideration. A method relates to the development of a methodology to simulate radar echoes was adopted by Bebbington et al. and its implementation as a software application uses numerical weather prediction model data as input [44] . Data of special single polarization weather radar was used by Bech et al. to estimate the vertical refractivity [45] . Effective sampling algorithm was adopted by Karimian et al. to searching refractivity profile parameters such as MCMC sampling [46] . A method to retrieve surface ducting profile by Doppler weather radar echoes is introduced in this paper. The Principal Component Analysis (PCA) method [47] and Parabolic Equation (PE) [48, 49] propagation model are adopted to model modified refractivity profile and calculate the echo powers. The inversion method is Particle Swarm Optimization (PSO) algorithm [50] .
ATMOSPHERIC MODIFIED REFRACTIVITY
The atmospheric condition can be effectively described by the refractive index which depends on meteorological parameters such as atmosphere temperature, pressure, relative humidity and so on. Inhomogeneities of meteorological parameters both in vertical and horizontal directions cause the inhomogeneity of the atmospheric refractive index. In low atmosphere, the refractive index is usually between 1.00040 and 1.00025. The refractivity N may be expressed in terms of meteorological variables:
where T (K) is the air temperature, P (hPa) the atmospheric pressure, RH (%) the atmospheric relative humidity and e (mb) the water vapor pressure. For the convenience of the research, atmospheric modified refractivity M is introduced in the following:
where d is the height above the earth (km) and r the radius of the earth (6371 km). For the two-linear surface ducts, the modified refractivity profile presented in Fig. 1 is described by two-linear model, which has two parameters: k and z.
where k is the trapping layer slope and h the duct height. The modified refractivity slope above the duct height is 0.118 M-units/m, which is in accord with the standard atmosphere. In this paper, the two-linear surface ducts modified refractivity profile model is adopted as the ducting profile model. The propagation track of electromagnetic wave is mainly determined by M gradient. When M gradient is larger than 0.157, the electromagnetic wave will be bent up, and the atmospheric refraction environment is called sub-refraction environment. When M gradient is smaller than zero, the atmospheric refraction environment is called trapping refraction environment, and the trapping layer is called tropospheric duct. The modified refractivity gradient [51] in the atmosphere and corresponding refraction environment are shown in Table 1 : 
DOPPLER WEATHER RADAR ECHOES CALCULATION
Considering a refractivity structure in a maritime environment, the expected clutter power is obtained based on the radar function and environmental parameters. For the Doppler weather radar, the radar equation [52] is
where P t is the radar transmitter power, G the radar antenna gain, σ the radar cross section, λ the wavelength and R the distance between radar and surface targets. Based on the radar equation, for the surface targets, assuming that the electromagnetic wave hits the surface at single grazing angle at range R, the received radar power [53] is
The radar resolution cell area is
where σ 0 is the ground and sea scattering coefficient, to overcome the problem of uncertainty of σ 0 , geometrical ray tracing and rank correlation was used for inversion of surface ducts. L is the path loss of electromagnetic wave of Doppler weather radar, θ h the antenna horizontal beam width, c the light speed, τ i the pulse width and φ the grazing angle. For Doppler weather radar, the radar parameter is shown in Table 2 . Doppler weather radar is an active sensor: it emits short pulses of microwave energy and measures the power scattered back by particles in the volume illuminated by its beam. Assuming that the particles are spherical and small compared to the radar wavelength, the power is related to the radar equivalent reflectivity factor. The equivalent reflectivity factor [53] can be calculated by echo powers and distance as follows:
where θ h is the antenna horizontal beam width, θ v the antenna vertical beam width, l/2 the radar effective irradiation depth, Z e the reflectivity factor (when the Rayleigh scattering holds) or the 
THE MODIFIED REFRACTIVITY PROFILE MODELING FOR HORIZONTAL INHOMOGENEOUS TROPOSPHERIC DUCTS
The tropospheric modified refractivity profile is inhomogeneous in the vertical and horizontal direction, and this inhomogeneity is conducive to calculate echo powers, which affects the inversion of atmosphere modified refractivity profile. The best modeling method for horizontal inhomogeneity is full space model of M profile parameters. The method defines the degrees of freedom for all the vertical M profile parameters in different ranges to realize the fine description of atmosphere refractivity structure. Because the number of horizontal degrees of freedom is too many, a dimension reduction method for horizontal inhomogeneity modeling is needed, and the PCA method [54, 55] based on K-L transformation can remove the relativity among every component of original high-dimension random variable, and then remove these dimensions including little information to obtain a low-dimension coordinate system.
In this method, two parameters, duct height and trapping layer slope, are used to describe surface ducts, and the two parameters are generated by Markov-chain [56] [57] [58] simulation:
where h 0 and h i respectively represent the surface duct height in initial range step and the number i range step; k 0 and k i respectively represent the surface ducts trapping layer slope in initial range step and the number i range step; η is Gauss distribution random variable whose average value is 0, and variance is σ 2 η ; ω is also Gauss distribution random variable whose average value is 0, and variance is σ 2 ω . The multidimensional random variables H and K respectively form a Markov-chain. A large number of simulated Markov-chains form the sample matrixes of horizontal inhomogeneous surface duct height and trapping layer slope.
The covariance matrix is calculated based on the sample matrix formed by Markov-chains. Then its eigenvalue and eigenvector are decomposed, and these eigenvectors correspond to larger eigenvalues form the principal components of surface ducts profile parameters.
The sample matrix formed by Markov-chain simulation is
The covariance matrix of the sample matrix is assumed as C, and Q is an orthogonal matrix meets the condition:
where Λ is the eigenvalue matrix and Q the eigenvector matrix. The larger k eigenvalues [59] are assumed as
The k eigenvectors corresponding to the k eigenvalues are called as principle components, which form a new eigenvector matrix. We can choose a certain number eigenvectors based on actual condition. The number of principal components depends on the cumulative contribution rate of eigenvalues. For example, assuming that it is 95%, when
λ j ≥ 0.95, t is the number of principal components.
The surface duct height and trapping layer slope are represented by these above principle components:
where n is the number of eigenvectors; v i (r) and μ i (r) are the eigenvectors; 
PSO ALGORITHM OF RETRIEVING SURFACE DUCTS BY DOPPLER WEATHER RADAR ECHOES
The method of retrieving horizontal inhomogeneous tropospheric ducting M profile is varied. This paper firstly retrieves horizontal principal component coefficient of profile parameters, then obtains all space M profile structure based on these coefficients. The surface duct height and trapping layer slope all have two principle components and corresponding coefficients. So six profile parameters (h 0 , c 1 , c 2 , k 0 , d 1 , d 2 ) are needed to retrieve to obtain all space M profiles.
PSO algorithm is an evolutionary algorithm based on swarm intelligence method. Every possible solution of the optimization question in the search space is a particle; every particle has an adaptability value depending on objective function for evaluating the good and bad of every particle position. The algorithm firstly initializes a group of random particles and then obtains optimal solution through iteration.
It is assumed that the space dimension of solutions is n; the number of particles is m; the position of every particle is presented as Z i = (z i1 , z 2 , · · · , z in ), the speed of the particle as
, the best position of the particle as P i = (p i1 , p i2 , · · · , p in ), and the best position of all the particles as P g = (p g1 , p g2 , · · · , p gm ). The updating of speed and position of particles are presented as (21) where i = 1, 2, · · · , m, j = 1, 2, · · · , n, g is the number of evolution generations; ξ is the inertia factor; l 1 , l 2 are learning factors; u 1 , u 2 between [0, 1] are random numbers which keep the variety of the group. The particles move according to Eqs. (20) and (21) until meet the conditions. The settings of PSO searching parameters are: the number of particles is 100; the number of evolution generations is 20.
The PE method is widely used in acoustics and wireless propagation [60] , and the parabolic equation is obtained through wave equation, which is very suitable for solving wireless propagation in atmospheric ducts [61] . An objective function is adopted for judging the difference between simulated and measured clutter power. The objective function [47] is:
where R 0 represents the minimum receive range of radar clutter, R m the maximum receive range of radar clutter and g (R) the difference between simulated and measured clutter power. Through the PSO algorithm, the six best parameters of refractivity profile are obtained. It is assumed that they are h best , c 1 , c 2 , k best , d 1 , d 2 , so the modified refractivity profile will be obtained according to Equation (5) . According to PE method of electromagnetic wave propagation and the inversion modified refractivity profile, the inversion echo powers is obtained and shown in Fig. 3 .
In powers are shown in Fig. 4 , and the inversion range is between 10 km and 80 km. The north direction is set as the initial azimuth, so the inversion azimuth is from 80 deg to 180 deg. The error of echo powers is basically between −5 and 5 dB, which indicates that the inversion power coincides well with the measured power, especially in the increasing and decreasing point of echo powers, and the accuracy is helpful for retrieving the surface ducts modified refractivity profile.
Then the equivalent reflectivity factor is obtained based on the calculated echo powers. The area distribution of inversion and measured equivalent reflectivity factor is shown in Fig. 5 , which shows that the reflectivity factor is larger from 80 deg to 110 deg azimuths than that in other azimuths. The error of equivalent reflectivity factor is between −5 and 5 dB, which indicates the accuracy of this method.
Through the comparison of echo powers in different azimuths, the echo powers are larger, in 80 deg to 120 deg, than other azimuths, so it indicates that higher duct heights exist in these areas, which is proved in Fig. 6 and Fig. 7 . In every azimuth direction, the echo powers decrease with the range.
The inversion surface duct height and trapping layer slope are in the following, which includes four azimuths: 90 deg, 120 deg, 150 deg and 180 deg.
The inversion surface duct height in four azimuths increases with the range, and it is basically between 30 and 60 meters, but the trapping layer slope decreases with the range. With the increase of the duct height, the trapping effect strengthens so that the electromagnetic wave can propagate for a longer distance. The inversion and measured modified refractivity is in the following, which includes four azimuths: 100 deg, 120 deg, 150 deg and 180 deg. The red line represents the measured M profile based on WRF model, and the blue line represents the inversion M profile. The inversion M profiles basically accord with measured M profiles when azimuth equals 150 deg or 180 deg, and the inversion precision is not very good when azimuth equals 100 deg or 120 deg, which is probably caused by radar performance or weather factors. As a whole, it indicates the validity of this inversion method.
In the standard atmosphere, the area distribution of echo powers and equivalent reflectivity factor are shown is Fig. 8 . In the standard atmosphere, the echo powers decreases faster than that in surface ducts, which causes the faster decrease of the equivalent reflectivity factor. In the surface ducts, the radar electromagnetic wave is trapped in the ducts layer, which forms over-the-horizon propagation so that the echo powers will decrease slower than that in the standard atmosphere.
The modified refractivity varies with the range and different azimuths, which reflects its inhomogeneity in vertical and horizon direction. It is basically the same above the duct height, but the modified refractivity below the duct height has a serious effect on the electromagnetic wave propagation so that it forms anomalous propagation. 
ANALYSIS OF THE EQUIVALENT REFLECTIVITY FACTOR
The previous section has introduced that the equivalent reflectivity factor is different for tropospheric ducts and standard atmosphere condition. The main reason for the difference is the modified refractivity profile. In Fig. 9 , four different times measured equivalent reflectivity factors within a range of 200 km are shown, which indicate that the equivalent reflectivity factor changes with the time.
In 08:01, the maritime equivalent reflectivity factor exists within a range of 20 km, but in 12:04, the maritime equivalent reflectivity factor exists beyond a range of 100 km, which indicates that in 08:01, the atmosphere condition is close to standard atmosphere and that in 12:04, the tropospheric ducts exist over the sea. It is concluded that the tropospheric ducts change with time, and the variety of ducts is related to the modified refrativity profile. Through the area distribution of the equivalent reflectivity factor, the atmosphere condition and refractivity environment are basically clear for us. The data quality of the Doppler weather radar is important for the detection of the atmosphere and targets. The inversion of the torposphere ducts modified refractivity profile also depends on the data quality of the Doppler weather radar.
The Doppler weather radar echoes are affected by multiple factors such as meteorology factors. Fig. 10 shows four times (06:00, 08:00, 10:00, 12:00) wind speed distribution based on mesoscale WRF Figure 9 . The equivalent reflectivity factor for different times. model. It is indicated that the wind speed is less than 7 m/s and the Douglas sea state grade less than 2. The wind speed has little effect on Doppler weather radar echoes, which indicates that the anomalous propagation is related to the vertical and horizontal inhomogeneities of the modified refractivity.
CONCLUSION
The tropospheric ducts have a serious effect on the propagation of the electromagnetic wave, which causes anomalous propagation. The refractive index which is inhomogeneous in both vertical and horizontal directions can be effectively used to describe the atmospheric condition, and it is badly needed to obtain the distribution of the refractivity profiles. This paper retrieves the surface ducts modified refractivity profile by Doppler weather radar echoes based on PE method for calculating electromagnetic wave propagation and PSO algorithm for searching optimal solution. The PCA method is used to model modified refractivity profile considering the horizontal inhomogeneity of the refractivity profile.
The best profile parameters are obtained based on PSO algorithm, and then the echo powers and equivalent reflectivity factor are calculated using radar equation and reflectivity factor equation. The standard atmosphere and tropospheric ducts condition have different effects on Doppler weather echoes, which indicates the anomalous propagation of electromagnetic wave in ducting environments. The effect of wind speed for Doppler weather echoes has also been analyzed, which further proves the refractivity profile effect. It is concluded that the inversion echo powers and equivalent reflectivity factor agree well with the measured data, which indicates the effectiveness of this method for retrieving the modified refractivity profile of surface ducts by Doppler weather radar echoes.
